The overall objective of the study is to investigate the future salinity distributions and residual flow scenarios in the northern Bay of Bengal taking into consideration of the change in hydrological and meteorological parameters. Observed and projected meteorological data are employed to generate present and future scenarios in the Northern Bay of Bengal. Numerical experiments through a 3D hydrodynamic model show that both during the monsoon as well as during winter periods, residual currents in the Northern Bay of Bengal display an anti-clockwise circulation concentrating at the eastern part of the bay. The Swatch of No Ground appears to have an important influence on the circulation patterns. Future salinity distributions are calculated through employment of projected meteorological data from regional climate model (RCM) experiments. It shows considerable increase in salinity level which may hamper the freshwater availability and ecological balance in the region in future.
INTRODUCTION
The Bay of Bengal (Figure 1 ) is the largest bay in the world by area, which covers 2,172,000 square kilometers and it reaches a depth of up to 5,258 meters. It extends from Ganges/Brahmaputra delta around 20°N latitude to south around 7°S latitude, with a maximum width of about 1000 km at around 15°N latitude (Sarma et al. 2000) . Many major rivers of India and Bangladesh flow into the Bay of Bengal: in the north, the Padma (distributary of Ganges), Meghna and Brahmaputra River, and in the south Mahanadi River through the Mahanadi River Delta, Godavari River, Krishna River, Irrawaddy and Kaveri River. The Ayeyarwady River of Myanmar also flows into the bay. The Sundarbans forest, one of the largest mangrove forests in the world, is formed at the delta of the Ganga, Brahmaputra and Meghna rivers on the Bay of Bengal. Although the geographical setting of The Bay of Bengal is similar to The Arabian Sea, it is widely different from the Arabian Sea in terms of physical, chemical, and biological features (Brown, 2005) . At the same time, The Bay of Bengal is characteristically different from the other tropical basins of the world primarily due to the huge amount of freshwater runoff (~1.5 x 1012 m 3 per year) and the associated sediment load (billions of tones) it brings in to the basin (Kumar et al., 2006) .
In the Northern Bay of Bengal the bathymetry is shallow, and depth to the seabed occurs less than 2000 meters. On the other hand, the bathymetry over central Bay of Bengal is relatively flat where the average depth is around 3000 meters. The seafloor gradient decreases gradually from north to south. In the northern Bay of Bengal there exists a deep valley known as the 'Swatch of No Ground'. The deepest portion of the valley is recorded around 1340 m, with an overall relief of 400-450 m from the surrounding mean seafloor at a depth of 1000 m. The width of the valley is about 14 km. Within this part of the deep valley, there exists another narrower valley-like feature, which runs from NE to SW direction and it changes to N-S direction in the southern part (Sarma et al., 2000) .
One important meteorological feature of The Bay of Bengal is that it is characterized by the cyclic wind systems. The current patterns associated with these reversing wind systems and enormous river runoff influence the hydrographic parameters of the bay (Varadachari et al., 1968) . The seasonal variation of regional climatic condition dominated by the monsoon system influences the physical, chemical and biological properties of the water in the Bay of Bengal, particularly in the upper layer at the head of the Bay. The large river discharge during monsoon and reverse during the winter greatly controls the water temperature, ocean current, density and salinity of the Bay.
According to Sarma et al. (2000) , in the Bay of Bengal, ocean current, from January to October, is northward flowing, and in the northern part of the bay a clockwise circulation pattern is observed which It is a reality that, The Bay of Bengal is one of the least scientifically explored areas of the world oceans, although the oceanic features are quite diverse. Residual current (net current after the tide induced current is excluded) plays primary role for the net transport of scalars (temperature, salinity, nutrients and contaminants) as well as suspended and bottom sediments which in turn dictate the erosion and accretion process of the estuary and coastal islands. Future climate change induced meteorological features, sea level rise and altered hydrologic conditions are expected to change the hydro-climatic conditions of the Bay of Bengal, significantly. The present research focuses on the variation of salinity distributions and residual flow during non-cyclonic conditions in the Bay of Bengal under future hydro-meteorological conditions.
METHODOLOGY
Based on previous studies (e.g. Chowdhury et al., 1997) on climatic conditions of Bangladesh four seasons have been identified, namely pre-monsoon (March -May), monsoon (June September), postmonsoon (October -November) and winter (December -February). Meteorological and hydrological data have been analyzed for these periods to set-up a three dimensional numerical model. From previous studies on Meghna Estuary (Hussain et al. 2009a and 2009b) it is observed that distinctive features on climatic conditions and residual flow are observed between monsoon and winter seasons. So, in the present paper computation results for only monsoon and winter have been presented.
Data

Meteorological data
Meteorological data of previous fifteen years (1994~2008) from thirteen BMD (Bangladesh Meteorological Department) stations (Satkhira, Mongla, Khepupara, Patuakhali, Barisal, Bhola, Chandpur, Hatiya, Sandwip, Chittagong, Kutubdia, Cox's Bazar and Teknaf) in the coastal zone of the country have been collected to analyze the seasonal as well as spatial variation of nine meteorological parameters (wind speed, wind direction, air pressure, air temperature, precipitation, evaporation, relative humidity, cloud cover and solar radiation). These are used as input to the numerical model. Figure 2 shows the location of BMD stations (green circles) in southern Bangladesh.
Hydrological data
Although several large and tiny rivers discharge into the Bay of Bengal, discharge is not measured at any of the tidal rivers in Bangladesh. Some of the measurements done during the Meghna Estuary Study (MES) project (MoWR, 1997) suggest that the discharge through the estuary is as much as fifteen times during the monsoon season compared to that during the dry season. It reports that in an average year the discharge through the estuary is about 20,000 m 3 /s during the dry season whereas it is 100,000 m 3 /s during the monsoon. Long term (up to 70 years) water level data from 14 tidal stations (shown in Figure 2 by green triangles) have been collected to identify any trend resulting from sea-level changes as well as resulting coastline change along the Bangladesh coast.
Offshore water level data collected during the MES study at Shabazpur Channel and Sandwip Channel have been used as input to the numerical model as the open boundary data. The locations are indicated in Figure 2 by red star marks. Another set of offshore water level data (1995~2009) collected by Survey of Bangladesh at Rangadia, Chittagong (marked by red star) were also obtained for the same purpose. 
Bathymetry
The bathymetry data used for the present study is the one which is freely available at NOAA website. ETOPO1 is a 1 arc-minute global relief model of Earth's surface that integrates land topography and ocean bathymetry (Amante and Eakins, 2009 ). Bathymetry of the computational domain is shown in Figure 3 .
Numerical Model
The open source Delft3D model including salinity and temperature constituents along with wind and tidal forcing have been applied for the simulation of residual currents in the Northern Bay of Bengal. In the present model, sigma coordinate system with k-ε turbulence model has been employed. In this model, boundary conditions are considered for the wind stress at surface, friction at bottom (with friction coefficient 0.0023) and frictionless along the lateral boundaries. Heat balance and moisture balance at sea surface have been considered for temperature and salinity boundary conditions, respectively. Constant values for horizontal eddy viscosity (1m 2 /sec) and horizontal eddy diffusivity (10m 2 /sec) are used. The hydrodynamic model has been applied using a five-layer sigma coordinate system and the calculated instantaneous currents have been averaged over 25 hours to obtain the residual currents. To simulate the residual currents during the four above mentioned seasons, steady wind stress with average wind speed of the season and a constant river discharge of that season have been applied. Other meteorological parameters have been used taking the spatial and temporal average values. A uniform grid size of 1850 m by 1850 m has been employed in a calculation domain with a total domain size of 740 km in east-west direction and 259 km in north-south direction.
Regional Climate Model
In this study, PRECIS (Providing Regional Climates for Impact Studies) regional climate model has been applied to simulate regional climate over a large domain which covers Bangladesh and South Asia. PRECIS is based on the Hadley Centre's regional climate modeling system which has been developed in order to help generate high-resolution climate change information. PRECIS simulation has been done using the lateral boundary data of the prognostic variables generated by the HadCM3Q model to produce diagnostic variables (e.g. spatial precipitation, orographic height etc.) over the simulation domain during 1961-2100. Simulation grids are of 50km resolution over the Indian subcontinent which includes Bangladesh (Islam et al. 2011) . Projected meteorological data obtained from this simulation has been employed to generate future scenarios.
SEASONAL VARIATION OF OBSERVED AND PROJECTED METEOROLOGICAL AND HYDROLOGICAL PARAMETERS Meteorological Parameters
Wind data shows that its direction is mainly from South and South-East during pre-monsoon and monsoon periods and from North and North-West during post-monsoon and winter periods. Average wind speed at different stations is quite small in the coastal region of Bangladesh, which is due to the fact that 30 ~ 40% of the time in a year wind remains calm (<1.0m/s). The wind speed is the strongest during monsoon period and the weakest during winter. The spatial variation of maximum wind speed during pre-monsoon is 5.6 ~ 17.0 m/s, during monsoon 6.3 ~ 25.1 m/s, during post-monsoon 5.9 ~ 22.0 m/s and during winter 3.6 ~ 9.8 m/s. Projected wind speed and direction by PRECIS do not show significant change (Table 1 and Table 2 ) during its projection period over the calculation domain. In Table 1 , percentage values in parentheses indicate the % change in projected period from projections of base period; positive values indicate there is an increase and vice-versa. In Table 2 , percentage values in parentheses indicate the percent of days experiencing dominant wind direction. 
Similar analyses are made for air temperature (˚C), relative humidity (%) and average daily precipitation (mm) at the same BMD stations which are summarized in Table 3 . Here also, percentage values in parentheses indicate the % change in projected period compared to projections of base period; positive values indicate there has been an increase and vice-versa. The trend of average temperature going down after the end of monsoon season is evident both at present and in future. More significantly, temperature rises from 3.3˚C to 5.5˚C after 100 years in projected values. Relative humidity is reduced for most part of the year and the reduction is more during post-monsoon and winter periods. Distribution of precipitation throughout the year will remain skewed but total precipitation shows more than 27% increase in projected values and the increase in precipitation appears to be drastic during the monsoon and post-monsoon periods. 
Projections
Other than these parameters observed data for solar radiation (Cal/cm 2 /min), evaporation (mm/day) and cloud cover are presented in Table 4 . Solar radiation and evaporation are maximum during the premonsoon periods compared to the rest of the year. Cloud cover is significantly higher during the monsoon period. 
Hydrological Parameters
There is significant variation of fresh water discharge through the Meghna Estuary. Table 5 shows the discharge (m 3 /s) through the Meghna Estuary following Islam et al., (2002) , which has been implemented as boundary condition for the numerical investigation for the present study . Nohara et.al. (2006) suggests that the discharge from the rivers in the Asian monsoon region (Changjiang, Ganges, and Mekong) is sensitive to the seasonal cycle in precipitation. The amounts of the discharge from these rivers are estimated to increase by 7.8%, 18.0%, and 9.9%, respectively, in the future through the application of number of global models. So, to make a reasonable estimate, future river discharge into the Bay of Bengal has been obtained by increasing the present discharge by 18%. Long term discharge data for many of the rivers are not available. Discharge data for these rivers are obtained either estimated or obtained from CEGIS (2006). Water level data analysis of different tidal rivers does not reveal any clear indication of sea-level rise mainly because most of the gage stations are located inside the rivers and water level data are affected by several factors including river bed siltation as well as natural subsidence of the active delta in the southern part of Bangladesh. Figure 4 (a) shows the annual mean water level variation at Patharghata Station on Bishkhali River and 4(b) shows the mean water level variation at the offshore station located at Rangadia, Chittagong. Even though Patharghata station has several missing data of annual mean water level, it shows a steep gradient (rise of 2cm per year) for a 52 year length of data. This station is located at a river mouth and most probably water level data is affected by river bed rise due to siltation. The offshore data at Rangadia appears to be more reliable but the length of data is comparatively short (1994~2009). It shows a rising trend in annual mean water level with 0.3cm rise per year. The trend in the change of maximum tidal range during this period has also been analyzed, which shows an increasing trend at a rate of 1.4 cm per year.
SEASONAL VARIATION OF RESIDUAL CURRENTS
The calculated residual currents in the Northern Bay of Bengal at the surface, middle and bottom layers during the monsoon season is shown in Figures 5(a) , 5(b) and 5(c), respectively. Here, average hydrological and meteorological parameters along with average wind speed from south have been employed. The results show, at all the layers the circulations are significantly influenced by the Swatch of No Ground located at the central part of the southern boundary in the calculation domain. In all the layers along the Chittagong coast there is an anti-clockwise circulation and along the West Bengal and Odisha coast there is a clockwise circulation. The south wind also appears to generate upwelling along Mohammad Asad Hussain, A. K. M. Saiful Islam, Mohammed Abed Hossain 179 and Md. Tanimul Hoque the Odisha coast. The circulation pattern is similar to that observed in the Meghna Estuary (Hussain et al. 2009a , 2009b and Jakobsen et al. 2002 which shows an anti-clockwise circulation during monsoon in the estuary, where north-westward flow along the Sandwip Channel. During the monsoon season magnitude of residual current is the maximum (around 1m/s) through the Shahbazpur Channel (south of Meghna River) and through the Sandwip Channel (at the east of Sandwip). At other places of the northern Bay of Bengal magnitude of residual current is less than 0.5m/s.
Figures 6(a), 6(b) and 6(c) show the calculated residual currents at the surface, middle and bottom layers respectively, during the winter season with average wind speed from the north. The north wind along with tidal current appears to create an eastward flow along the Bangladesh coast towards Chittagong and again creates anti-clockwise circulation in the Meghna Estuary region which seems to be stronger than the monsoon season. This was also observed by Hussain et al. (2009a and 2009b) for the Meghna Estuary. The Swatch of No Ground again seems to have a major impact on the circulation pattern in all the layers and westward flow appears in all layers, in the western part of Swatch of No Ground flowing towards Odisha coast. During the winter, magnitude is the maximum only along the Sandwip channel (around 1m/s) and it is less than 0.5m/s in the rest of the northern Bay of Bengal. As already mentioned, projected values of wind speed and direction did not show significant change (Table  1 and Table 2 ). Which means the major driving forces for residual flow in the Northern Bay of Bengal: tidal current, wind speed and direction, and Coriolis force will remain unchanged in future. So, circulation patterns are expected to remain the same as presently observed in monsoon and winter. In this context, the next section focuses on salinity distribution alteration due to the changed meteorological conditions. Figure 7 (a) and 7(b) shows the calculated surface salinity during monsoon for the year 2000 and year 2100, respectively. From the figure it clearly appears that the area of fresh water plume along the southern coast of Bangladesh will be reduced considerably in future. Especially the south-western part of Bangladesh where the Sundarbans Mangrove forest is located, is going to experience salinity level increase from 27~27.5 ppt to 29.5~30 ppt which may affect the ecosystem in the region drastically. Also, along the Sitakunda coast along the Sandwip coast, salinity level is going to increase from 27 ppt to about 30 ppt in future. The reduction of fresh water plume along the southern coast of Bangladesh suggests that even though there will be increase in precipitation and fresh water discharge in future, the rise of sea level (88 cm in 2100) will push the fresh water plume towards the north. Also the fresh water discharge through the rivers at the south-western part of Bangladesh is very small compared to that of Meghna River. This is why the plume is shifted towards the west in the Northern Bay of Bengal. 
PROJECTIONS OF SALINITY FRONTS
CONCLUSIONS
Observed meteorological data from thirteen BMD stations as well as projected meteorological data by PRECIS RCM have been employed to generate present and future hydro-climatic scenarios in the Northen Bay of Bengal. Analysis of long term tidal water level data from fourteen BWDB gage stations in different tidal rivers does not show any definite trend of sea-level rise as the data seem to be affected by river bed siltation. The data obtained from an offshore tidal gage seems to provide a more reliable trend indicating 0.3cm per year rise in sea level. Numerical investigations show that throughout the year a counterclockwise circulation exists in the eastern part of the Northern Bay of Bengal i.e. in the Meghna Estuary region. Swatch of No Ground, located at the central part of the computational domain, has a significant influence on the residual circulation in the Northern Bay of Bengal. Projected values of meteorological parameters, obtained from a RCM experiment, have been employed to generate future salinity distributions at the Northern Bay of Bengal. The results show considerable increase of surface salinity especially during the monsoon season along the Bangladesh coast in future which may deteriorate the fresh water availability and ecological balance in the region. 
